Background The ability of folic acid in the periconceptional period to prevent the occurrence of neural tube defects has stimulated tremendous interest in its effects on other health outcomes. Its possible effect on oral clefts has generated considerable debate. The purpose of this systematic review and meta-analysis was to assemble evidence on the role of folate in the aetiology of cleft lip with or without cleft palate (CL/P) and cleft palate only (CPO). Conclusions The evidence is not converging and there is no strong evidence for an association between oral clefts and folic acid intake alone. Multivitamin use in early pregnancy, however, may protect against oral clefts, especially CL/P although this association may be confounded by other lifestyle factors associated with multivitamin use.
Introduction
Oral clefts are some of the most common birth defects, affecting an estimated one of every 600 births worldwide. 1 Animal studies in the first half of the 20th-century demonstrated that vitamin deficiencies, including folate deficiency, could cause oral clefts. 2 Folate, a general term for various forms of this naturally occurring B-vitamin, and folic acid, its oxidized and more bioavailable form found in multivitamins and food supplements, play important roles in the synthesis and methylation of DNA as well as in the metabolism of amino acids and their by-products, such as homocysteine. 3 Many studies have been performed in an attempt to determine the role of folate in the aetiology of the two most common types of oral clefts: cleft lip with or without cleft palate (CL/P) and cleft palate only (CPO). A number of intervention studies suggesting a protective effect of folic acid on the recurrence of oral clefts have been performed. [4] [5] [6] Since these intervention studies were not randomized and the effects of folic acid could not be separated from the effects of other vitamins in the intervention, the results of these studies are difficult to evaluate. 7 One randomized controlled trial for the prevention of a first occurrence of oral clefts where the effect of a folic acid-containing multivitamin was compared to the effect of a trace element-containing supplement did not find a difference between groups. 8 A cohort study using the same vitamin found similar results. 9 However, both the trial and cohort study were not adequately powered to detect a difference. Several case-control studies have been undertaken to investigate the use of folic acidcontaining multivitamins during pregnancy, but results have been variable. [10] [11] [12] [13] [14] In view of the difficulties in investigating the specific effects of folate separate from the effects of other vitamins found in supplements or multivitamins, attention has also been given to the effects of polymorphisms in genes involved in folate metabolism. One of the first folate metabolism genes studied in association with oral clefts was methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20; 1p36.3). MTHFR catalyses the creation of 5-methyltetrahydrofolate from 5,10-methylenetetrahydrofolate, which is then combined with homocysteine to synthesize methionine. 15 Rare mutations in MTHFR causing severe enzyme deficiency result in hyperhomocysteinemia, hyperhomocystinuria, mental retardation, seizures and thrombosis. 16 To date over 60 single nucleotide polymorphisms (SNPs) have been identified in MTHFR, with most functional amino acid changes leading to reduced enzyme activity. 15 MTHFR polymorphisms found at high frequencies in the population, C677T and A1298C, were first investigated in cardiovascular disease aetiology because of their impact on homocysteine metabolism, the impaired enzyme leading to increased homocysteine levels when folate availability is low. [17] [18] [19] [20] Since the first report in 1998 that the MTHFR C677T variant genotype was found more commonly among CL/P cases than controls, 21 population-based and family-based studies have been undertaken to determine the role of this gene in the aetiology of CL/P and CPO, which have produced variable results. 13, [22] [23] [24] [25] [26] [27] With conflicting evidence on the role of folate in oral cleft aetiology, the present systematic review and metaanalysis was undertaken to synthesize evidence from studies of associations between CL/P and CPO and folate intake and biochemical markers of folate status. Recently, two meta-analyses of folic acid-containing multivitamin use and oral clefts have shown that women taking these multivitamins during pregnancy have a decreased risk of both CL/P and CPO. 10, 28 However, a recent meta-analysis of population-based studies of the association between folate metabolism gene MTHFR and CL/P has shown only weak evidence for an association. 22 One purpose of these systematic reviews and meta-analyses was to review other evidence not covered in the prior reviews, such as dietary folate intake, prevalence of oral clefts following folic acid fortification, polymorphisms in genes aside from MTHFR involved in folate metabolism and transport, and gene-environment interactions. A second purpose was to update the existing meta-analyses and reviews on oral clefts and multivitamins and MTHFR polymorphisms by including studies published in the interim, using adjusted as opposed to crude effect estimates in the meta-analyses and including a wider spectrum of studies that were not included in the previous reviews, for example, including family-based association studies in the review of MTHFR and expanding the search strategy to include non-English language studies.
Methods
The main databases used for locating studies were OVID Medline (1950-), PubMed (1950-), OVID Embase (1980-) and ISI Science Citation Index (1970-), which were searched to the end of February 2007 using search terms 'cleft lip', 'cleft palate', 'folic acid', 'vitamins', 'dietary supplements' and 'fortification'. Reference lists from included articles were searched for additional articles. For reviews of genetic variants, the HuGE Published Literature Database 29 was searched to the end of February 2007 for 'cleft lip with cleft palate', 'cleft lip without cleft palate', 'cleft palate' and 'oral clefts' to determine which genes involved in folate metabolism or transport had been investigated in association with oral clefts. Full texts were retrieved and articles were included if the authors indicated that the gene under investigation was involved in folate metabolism or transport. Reference lists from these studies were used to identify additional articles. The gene names identified using this search strategy were used for a more in-depth search in the main databases.
To be included in the review, studies were required to have information on CL/P, CPO or both types of clefts combined. There was no restriction by language. Animal studies, review articles, case reports, case series, abstracts and meeting proceedings were excluded. When two studies sampled from the same population during the same time period, the study with the most relevant primary outcome was included; if there was more than one, the study with the largest sample size or the most recent was included.
Each review topic, listed below, had specific inclusion and exclusion criteria and subgroup analyses. Articles could be included in more than one review topic, and inclusion or exclusion of the article was assessed independently for each topic.
Supplement use: observational studies Included studies were case-control, case-cohort or cohort studies where women who took folic acid supplements at any time during the 3 months prior to pregnancy to the end of her pregnancy were compared to women who did not. Since folic acid is usually consumed as a part of a multivitamin instead of as a folic acid supplement alone, women taking multivitamins were also included. Subgroup analyses were undertaken to separate the effects of folic acid from the effects of other components of the multivitamin. Studies specifically mentioning use of folic acid supplements or folic acid-containing multivitamins were classified as 'folic acid use' and studies mentioning multivitamin use were labelled 'multivitamin use'; these two categories are not mutually exclusive. Subgroup analyses were also conducted to investigate the effect of timing of multivitamin use: the first restricted to women who had started supplementation prior to conception and had continued throughout at least the first 2 months of pregnancy, and the second restricted to women who started supplementation after the aetiologically relevant time period. The aetiologically relevant time period was defined as preconception to the end of the 3rd month for CL/P, and pre-conception to the end of the 4th month for CPO, as has been defined in other studies. 30, 31 Supplement use: randomized controlled trials Trials using interventions of folic acid supplements or folic acid-containing multivitamins were included.
Supplement use: recurrence studies Studies were included if the investigators attempted to prevent the recurrence of oral clefts by giving folic acid supplements or folic acid-containing multivitamins to mothers planning a pregnancy in instances where either or both of the parents were themselves born with a cleft, or where the mother had previously given birth to an affected child. In the included studies, a group of mothers receiving folic acid-containing prophylaxis was compared with a group of women not receiving folic acid. Narrative studies without sufficient quantitative data for meta-analysis were excluded from this analysis.
Dietary folate
Any study attempting to quantify maternal folate intake during pregnancy from dietary sources aside from supplements or multivitamins and to compare these values in mothers of children with oral clefts to mothers of non-cases was included. Studies which included folate from supplements and multivitamins in addition to other sources of folate in the estimate of dietary intake were also included. The highest quantile of maternal folate intake was compared with the lowest quantile to estimate risk using quantiles defined by the author of each study. P-values for tests of trend and for differences in mean dietary folate intake between case and control mothers were also noted.
Folic acid fortification
Included studies were those reporting prevalence ratios (PR) and 95% confidence intervals (CI) for the prevalence of oral clefts after, compared with before, implementation of folic acid fortification. For studies sampling from overlapping populations, national studies were included over regional studies. Studies were grouped based on whether the fortification was compulsory or optional for that country.
Biochemical markers of folate status
Observational studies where investigators compared the plasma (serum) or erythrocyte (red cell) folate levels of mothers of children with oral clefts with those of mothers of unaffected children were included. Comparisons were made between the highest and lowest quantiles of folate, as defined by the author of each study, to estimate risk. P-values from doseresponse relationships were noted, as were P-values for differences between mean levels of folate between case and control mothers.
MTHFR C677T, A1298C, haplotypes and haplogenotypes Studies were included if a MTHFR genotype, haplotype or haplogenotype (i.e. the combination of haplotypes inherited from the mother and father) frequencies in cases, case mothers and case fathers were compared with frequencies in controls or their parents. For studies of MTHFR polymorphisms, homozygous wildtype individuals were chosen as the reference group. For the review of haplotypes, only studies of the MTHFR C677T-MTHFR A1298C haplotype were included.
Transmission disequilibrium tests (TDT)
Articles reporting results from TDT for MTHFR C677T, A1298C or haplotypes were included. P-values for differences in transmission were extracted from the studies. Studies reporting parent-of-origin effects were considered separately.
Gene-environment interactions
Included studies were those where interactions between MTHFR and folate were investigated. Studies were grouped by polymorphism (C677T, A1298C), individual genotyped (infant, mother, father) and exposure (dietary folate intake, folic acid-containing supplements).
Other genes related to folate metabolism or transport The same methods were used as for the MTHFR association and TDT reviews.
Separate analyses were performed for CL/P, CPO and OFC (orofacial clefts; only including studies not differentiating between CL/P and CPO). The authors independently abstracted data from articles and resolved differences by consensus. Adjusted odds ratios (OR) were extracted from included studies if available; if not, crude estimates were used. If ORs were not provided, they were calculated from data available in the article. Relative risks were assumed to be equivalent to ORs since oral clefts have a low population prevalence. For review topics where ORs were inappropriate, P-values were extracted from the articles when possible, again using adjusted estimates if available. Random effects meta-analysis was used to determine summary ORs and 95% CIs for each association, if applicable, and random effects cumulative meta-analysis was used to show time trends in the association. Between-study heterogeneity was detected using Cochran's Q-test and the I 2 statistic with 95% uncertainty intervals (UI). 32 Publication bias was assessed using Egger's test. 33 All calculations were performed in Stata 8.
Results
The characteristics of studies included in the systematic reviews and meta-analyses are shown in Supplementary Table 1 . Most studies were conducted in Europe and North America. There were few studies from South America, Australia and Asia, and none from Africa.
Supplement use: observational studies Twenty-two 9, [11] [12] [13] [14] 30, 31, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and twenty-one 9, [11] [12] [13] [14] 30, 31, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] 48 studies were included in the meta-analyses for CL/P and CPO, respectively. There were a total of 5717 cases of CL/P and 2586 cases of CPO. The predominant study type was case-control, but each meta-analysis also included one cohort 9 and one case-cohort 12 study. All articles except one were found using the search strategy; one paper in press was known to the authors and was included. 48 The majority of studies included women taking multivitamin supplements during the periconceptional period, continuing through the first trimester of pregnancy. Often the folic acid content of multivitamins was not reported.
Results of the meta-analyses are shown in Table 1 . Use of any supplements before or during pregnancy was associated with a decreased risk of CL/P (OR 0.75; 95% CI 0.65-0.88) but to a lesser extent CPO (OR 0.88; 95% CI 0.76-1.01) as shown in Figures 1 and 2 . Betweenstudy heterogeneity was detected for the analysis of CL/P using the Cochran Q and I 2 statistics, while the analysis for CPO had low to moderate heterogeneity.
Cumulative meta-analysis for CL/P showed a consistent inverse association over the past 13 studies (Figure 3 ). In contrast, the cumulative meta-analysis of CPO showed an inverse association moving away from the null until 2006, when the association regressed towards the null once more (Figure 4 ).
Restricting the analysis to those studies specifically mentioning use of folic acid 9, [11] [12] [13] [14] 31, 36, 37, 42, [45] [46] [47] [48] attenuated the association for both CL/P (OR 0.82; 95% CI 0.70-0.97) and CPO (OR 0.95; 95% CI 0.79-1.14); cumulative meta-analysis for CPO showed the same pattern as for all supplement use, with the association moving away from, and then back towards, the null. For the analysis restricted to multivitamin use, the effect estimates for CL/P and CPO were no different from those in the unrestricted analysis.
Timing of supplement use affected the risk of CL/P and CPO. For women starting supplementation prior to conception, nine studies were found for CL/P where information was collected on the risk of clefts to women starting supplementation after the aetiologically relevant time period; none of these studies found an association with all effect estimates close to unity. There were six studies where results were presented for all clefts combined (total of 849 cases). [49] [50] [51] [52] [53] [54] All were found through the search strategy except one that was known to the authors and was included. 51 Overall these studies found no association between supplement use and risk of clefts (OR 0.88; 95% CI 0.55-1.40) although this meta-analysis had marked heterogeneity. Exclusion of the study by Elahi et al., 54 which included interventions of other nutritional supplements besides multivitamins, produced a more homogeneous analysis and raised the effect estimate (OR 1.05; 95% CI 0.85-1.30). While restricting the analysis to the four studies specifically mentioning folate 49, [51] [52] [53] resulted in a possible increased estimated risk of clefts (OR 1.18; 95% CI 0.91-1.52), restricting to the two studies of multivitamin use 49, 50 showed the opposite effect (OR 0.85; 95% CI 0.63-1.13) although the CIs crossed the null in both cases. There were insufficient studies to determine the effects of timing of supplement use for all clefts.
Supplement use: randomized controlled trials One randomized controlled trial 8, 31 was conducted where women planning a pregnancy were randomized to receive folic acid-containing multivitamins periconceptionally, but oral clefts were not the primary outcome of interest and the study was not adequately powered to detect an association. The authors found a possible increased risk of CL/P and decreased risk of CPO, although CIs were wide in both cases (OR 1.94; 95% CI 0.41-9.09 and OR 0.19; 95% CI 0.01-4.03, respectively). There were four cases among the supplemented women and two in the unsupplemented group.
One other randomized controlled trial was located where women choosing to take folic acid supplements prior to or during pregnancy were randomized to receive either high dose (2.5 mg) or low dose (1.0 mg) folic acid. 51 At the end of the trial, the prevalence of oral clefts was highest in the high-dose group, lowest in the low-dose group and intermediate among the unsupplemented women. CIs were wide as there Supplement use: recurrence studies Three recurrence studies [4] [5] [6] were included in the metaanalysis (Table 2, Figure 5 ). In all three, authors included women who had previously given birth to a child with a cleft. In one study, the authors also included families where one or both of the parents had themselves been born with a cleft. All studies compared women receiving a folic acid-containing multivitamin and mineral supplement to women receiving no supplement. 6 The composition of supplements differed between studies; for example, folic acid included in the supplements ranged from 0.5 to 10 mg per day. Despite the range of folate dosages, the effect estimates were similar between studies. The meta-analysis had low heterogeneity and showed a decreased risk of CL/P (relative risk (RR) 0.33; 95% CI 0.15-0.73). Only one study presented results for CPO, which showed an increase in risk but had wide CIs (RR 1.70; 95% CI 0.47-6.11).
Dietary folate intake
Six studies 11, 13, 14, 45, 48, 55 were identified that measured dietary folate intake during pregnancy among CL/P case and control mothers (total of 1571 mothers of cases and 4621 mothers of controls); four of these also measured dietary folate in relation to CPO (total of 577 mothers of cases and 3655 mothers of controls). 11, 13, 45, 48 One additional study provided information for all clefts combined. 37 No meta-analysis was performed due to differences in definitions of quantiles of exposure between studies. There was the suggestion Conway 1958 Figure 5 Random effects meta-analysis for recurrence studies of CL/P showing RR and 95% CI of an inverse association between folate intake and oral clefts, but overall the results were varied (Table 3) . Sample sizes were small, creating wide CIs.
Folic acid fortification
The meta-analysis using data from studies performed in Australia, Canada and the United States 56-58 (Table 4) shows that the prevalence of CL/P was lower by a small margin after fortification was introduced (PR 0.95; 95% CI 0.91-0.99; Figure 6 ). This decline was not seen for CPO (PR 1.01; 95% CI 0.90-1.15; Figure 7 ), although both the Cochran Q and I 2 statistics detected between-study heterogeneity in this analysis. Upon separating the countries with optional from those with compulsory fortification, it appeared that the prevalence of CL/P and CPO remained the same or increased in Australia where there is optional fortification (PR CL/P 1.02; 95% CI 0. Biochemical markers of folate status Four studies were found where plasma folate or erythrocyte folate status were compared between CL/P case and control mothers (total of 270 mothers of cases and 399 mothers of controls; Table 5 ). [63] [64] [65] [66] There was one study for CPO 66 and two for all clefts combined. 67, 68 No meta-analysis was performed due to differences in exposure quantile definition between studies. Results were varied, with both increased and decreased risks found for individuals with lower folate status.
MTHFR C677T and A1298C
There was no association between infant or maternal MTHFR C677T or A1298C genotype and CL/P or CPO Figure 7 Random effects meta-analysis showing the change in the prevalence of CPO following folic acid fortification as PR and 95% CI (Table 6 , Figures 8 and 9 ). The association between infant MTHFR C677T and CL/P was the most commonly investigated, with 13 studies located including 1808 cases. 13, [23] [24] [25] [26] 66, [69] [70] [71] [72] [73] [74] [75] Fewer studies have been performed for maternal MTHFR C677T, with the nine studies totalling 1173 case mothers. Studies were conducted mostly in Europe and Asia, with few studies from North and South America. No studies were found from Australia and Africa. All but two studies were found using the search strategy: one submitted for publication was known to the authors and was included 66 and one was found by searching reference lists. 76 Published reports have suggested a possible increased risk of CL/P for fathers with the MTHFR C677T TT genotype compared with the CC genotype (OR 1.63; 95% CI 1.00-2.65, Figure 10) 25, 72, 77 were found, and none found a difference in haplotype frequencies in case infants, mothers or fathers compared with controls. There were few studies investigating haplogenotypes, and the results were too varied to determine if any haplogenotype was associated with oral clefts.
TDT
For MTHFR C677T, 12 studies included results from TDTs for CL/P in over 1500 families 25, 26, 70, [72] [73] [74] [75] [76] [78] [79] [80] [81] and three included results for CPO in a total of 121 families. 76, 80, 82 Two studies found differences in transmission of the variant allele found for CL/P. 81, 82 For MTHFR A1298C, four studies were found for CL/P totalling 382 families, 25, 72, 73, 75 one of which found a difference in transmission. 25 No haplotype overtransmission was found for CL/P or CPO in the four studies where this information was reported. 24, 72, 73, 75 Gene-environment interactions Six articles described gene-environment interactions between MTHFR and either supplement use (Table 7) or dietary folate intake (Table 8) . 13, 24, 27, 66, 73, 83 Among these six studies, 10 different associations were described: combinations of outcome (CL/P, CPO), exposure (supplements, dietary folate), genotype (MTHFR C677T, A1298C) and individual genotyped (infant, mother). No meta-analysis was performed due to small numbers of studies in most subgroups and differences in the definition of reference groups.
Often the highest risks were found among women who had not taken folic acid supplements or who had low folate intake, and who themselves or their children carried variant genotypes.
Other genes involved in folate metabolism or transport Genes reported to be involved in folate metabolism or transport, and investigated in association with oral clefts, aside from MTHFR, were: betaine-homocysteine methyltransferases (BHMT and BHMT2), 84 cystathionine beta-synthase (CBS), 85, 86 folate receptors (FOLR1 and FOLR2), 87 methylenetetrahydrofolate dehydrogenase (MTHFD1), 88 methionine synthase (MTR), 88, 89 methionine synthase reductase (MTRR), 89 reduced folate carrier (RFC1) 47, 80, 88, 90 and transcobalamins (TCN1 and TCN2). 89 Few associations have been studied in more than one population. RFC1 was the gene most often studied, but no association with oral clefts has been found in any of the four studies. 47, 80, 88, 90 Several studies did find associations: an inverse association between CL/P and TCN2, 89 a positive association between CL/P and MTR, 88 and a difference in transmission for CBS (mother's allele) among CL/P cases. 85 These results have not yet been replicated in other populations.
Discussion
When considering the spectrum of evidence for an association between folate and oral clefts, including environmental, biochemical and genetic measures of exposure, there is no strong evidence that folate alone plays an important role in oral cleft aetiology. The most promising evidence for an association comes from studies on multivitamin use, but it is just as likely that a component of the multivitamin aside from folic acid is responsible for the observed protective effect. Following folic acid fortification, there appeared to be a small decrease in the prevalence of both CL/P and CPO in North America, but a marked decrease in prevalence following fortification, like that observed for neural tube defects 58 was not seen. Evidence from biochemical and genetic markers of folate status show no clear association between folate and oral clefts. Overall, the evidence is not converging and is not in favour of an association between folic acid and oral clefts.
With the knowledge that folic acid can prevent a substantial proportion of neural tube defects, conducting a randomized controlled trial to investigate the effects of folic acid against placebo to prevent oral clefts would be unethical. The one trial that has been done did not have oral clefts as the primary outcome of interest and was not adequately powered to detect an association. Currently, there is an oral cleft recurrence trial underway in Brazil where high-risk women will be randomized to receive high (4.0 mg) or low (0.4 mg) dose folic acid supplements, which may be able As there has been no trial of oral cleft prevention where women are randomized to receive multivitamins or not, most of the evidence for an association between multivitamins and clefts has come from observational studies. These studies have shown that women taking any type of multivitamin before or during pregnancy have a reduced risk of CL/P, and to a lesser extent CPO. It is difficult to determine which component(s) of the multivitamin is responsible for this reduction in risk, as the composition of multivitamins is rarely reported. The attempt made to separate the effects of folic acid and multivitamins through subgroup analyses was inadequate since the subgroups were not mutually exclusive; however, it was found that the folic acid subgroup had effect estimates closer to the null than the estimates for multivitamins for all types of oral clefts.
The subgroup analysis investigating timing of multivitamin use suggested that women starting multivitamins prior to pregnancy and continuing during early pregnancy had a lower risk of having a child with CL/P and CPO, while as expected there was no change in risk for women starting after the aetiologic time period. Although this suggests that multivitamins, particularly when started prior to pregnancy, can protect against having a child with a cleft, it is also possible that early multivitamin use is a marker of general good health practices, or may be correlated with other healthy behaviours such as not smoking or drinking alcohol during pregnancy. It may also be a marker for pregnancy planning; planning a pregnancy has recently been shown to be inversely associated with oral clefts. 91 The stronger association observed between multivitamin use and CL/P compared with CPO suggests that this intervention may not be equally beneficial for both types of clefts. It is recognized that CL/P and CPO are aetiologically distinct entities 92 although they share some risk factors in common, such as in the case of van der Woude syndrome where mutations in the same gene, IRF6, cause both CL/P and CPO. 93 Results of the cumulative meta-analysis, however, suggest that the association between CPO and multivitamin use is not yet stable. At one point in time, the association between CPO and multivitamins was nearly identical to the association for CL/P. Why the association between multivitamins and CPO has recently regressed towards the null is unclear.
There was a reduction in the risk of cleft recurrence with multivitamin prophylaxis, with a larger effect estimate (i.e. greater protective effect) found in recurrence studies compared with the observational studies. The results of recurrence studies are difficult to evaluate, however, because these intervention studies were not randomized and are therefore subject to confounding and bias, and often presented results narratively without statistical analysis. 7 Small sample sizes and wide CIs also limited interpretation of the results of the recurrence studies. Although these studies varied widely in the dosage of folic acid (0.5-10 mg) included in the multivitamin, there was no difference in the effect estimates between studies, suggesting no doseresponse effect.
The association between dietary folate intake and oral clefts was difficult to interpret due to differences in quantile definition between studies and differences in inclusion criteria; for example, some studies included women taking folic acid-containing supplements or multivitamins while others excluded them. Overall there was a suggestion of an inverse association between high folate intake and oral clefts although not all studies found these results. Most studies had small sample sizes and large CIs around the effect estimates meaning that chance may be responsible for some of the variability between studies. An attenuated association would be expected for studies which were conducted in regions with folic acid fortification. The American study conducted between 1997 and 2000 reported overall higher folate intake compared with other studies and found no association between dietary folate and oral clefts. 11 Similarly, no association was found in the Australian study where optional folic acid fortification is in place, although the levels of folate intake did not appear to be as high as in the American study. 45 Numerical information on the before-and-after prevalence of oral clefts following folic acid fortification was available from North America and Australia. Only the studies from countries with compulsory fortification (United States and Canada) showed decreases in the prevalence of oral clefts whereas no decrease was shown in Australia, where there is optional fortification. Whether the decrease is due to the institution of compulsory, as opposed to optional, fortification or to other differences between North America and Australia is not clear. The observed decrease in prevalence of oral clefts may not be due to fortification, but instead to existing trends in prevalence, or due to other environmental or lifestyle factors changing over time. For example, the proportion of American women taking folic acid-containing multivitamins has increased from 28% to 33% in the 10-year period of [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] 94 which is approximately the same timeframe in which these before-and-after prevalence studies were conducted.
The small reduction in oral cleft prevalence observed following folic acid fortification of grains in North America suggests that folic acid may only play a minor role, if any, in oral cleft aetiology. Another possibility is that the effect of folic acid is dose-dependent and the amount of folate ingested through fortification, estimated at 0.1 mg daily in North America and up to 0.4 mg daily in Chile, 95 is insufficient to have a major impact on oral cleft prevalence. Possible dose-response relationships between folic acid and clefts have been described in several studies 12, 14, 31 and may warrant further attention. In contrast, one study from Denmark where women choosing to take folic acid supplements were randomized to receive either 1.0 mg or 2.5 mg of folic acid daily found that women randomized to the higher dose of folic acid were nearly twice as likely to have a child with a cleft, although the study was underpowered to detect an association. 51 As aforementioned, in the review of recurrence studies, although folic acid dosage varied 20-fold between studies, there was no difference in the effect estimate. Likewise, in the studies of dietary folate intake no dose-response effect was observed in any study which tested for this effect.
There was marked variability in the results from studies of biochemical markers of folate status. These biochemical markers, measured as plasma and erythrocyte folate, when compared between case and control mothers gave inconsistent results. Low folate status was in some populations associated with an increased risk of oral clefts, and in others associated with a lower risk.
None of the analyses of genes involved in folate metabolism or transport provided convincing evidence for their importance in oral cleft aetiology. Of the associations found, most have only been performed in a single population and will require confirmation in further studies. Overall, there was no association between MTHFR C677T and A1298C and oral clefts in observational studies. Results from the TDT analyses support this, with little evidence of overtransmission of the variant allele. One exception was a possible association between the paternal MTHFR C677T TT genotype and CL/P, although this CI included the null value and the estimate was based on the results of only four studies.
With relatively few studies investigating geneenvironment interactions between MTHFR and folic acid and the large number of possible combinations of outcome, environmental exposure and genetic exposure categories, it was difficult to determine if there was any true interaction. Differences in reference group assignment also made synthesis of evidence difficult. Gene-environment interaction studies require large sample sizes, and the wide CIs seen in most studies of gene-environment interactions suggest that the power was likely not high enough to detect an association. However, it appeared that there might be an interaction between MTHFR and multivitamin use, with higher risk among individuals with the variant genotype and who did not use multivitamins.
Polymorphisms in genes involved in folate metabolism and transport were included in this review due to the belief that individuals with variants of these genes may have impaired folate metabolism leading to suboptimal folate availability. Effect estimates for the mother's, father's and infant's genotype were included in the reviews of gene-disease associations and gene-environment interactions regardless of the biological plausibility of proposed mechanisms in order to include the greatest spectrum of evidence as possible. For example, although an interaction might be plausible between maternal folate intake and the mother's genotype, information on interactions between the mother's folate intake and infant's genotype were also included in the review even though the mechanism whereby this interaction might occur is less obvious.
Between-study heterogeneity was detected in several meta-analyses. By including adjusted instead of crude estimates in the meta-analysis it was hoped to minimize the effect of possible confounders, although one would expect differences in the covariates adjusted for in each study. There were other sources of heterogeneity in these analyses; for example, in the studies of supplements and multivitamin use the studies differed in study design, selection of participants, composition of supplements, and timing and duration of supplement use. The existence of an interaction between MTHFR genotype and multivitamin use may explain some of the heterogeneity observed in MTHFR-oral cleft association studies. In this case, one would expect an attenuated association between MTHFR and oral clefts in populations where multivitamin use is high.
Egger's test suggested the existence of publication bias in the meta-analysis of recurrence studies (P ¼ 0.02) and in one of the meta-analyses of genedisease association studies (P ¼ 0.04). In the other reviews there was a variety of studies reporting positive and inverse associations and fairly small effect sizes, which does not suggest obvious publication bias.
The quality of the included studies was not formally assessed. With most of the evidence in these analyses coming from case-control studies, the potential impact of misclassification, selection bias, low participation rates or other sources of bias and confounding may be important but are difficult to quantify.
Several gaps in the evidence became evident from these systematic reviews. In particular, there were fewer studies of CPO compared to CL/P, perhaps due to its lower prevalence. There was no study of CPO in relation to either plasma folate status or paternal MTHFR genotype, and only one study each of CPO and erythrocyte folate status, MTHFR A1298C maternal and infant genotype, and gene-environment interactions.
There is other evidence, not reviewed here, that also suggests an association between folic acid and oral clefts. In particular, some studies have shown that women with epilepsy have an increased risk of having a child with a cleft, which has been attributed to both the epilepsy itself and the use of antiepileptic drugs during pregnancy, many of which are folic acid antagonists. 30, 48, [96] [97] [98] Other evidence for the involvement of folate in oral cleft occurrence comes from a recent study where it was shown that case mothers were more likely to have autoantibodies against folate receptors than control mothers. 99 It has also been suggested that folate may be associated with oral clefts only indirectly, through its effects on homocysteine metabolism. Folate metabolite 5,10-methyltetrahydrofolate is combined with homocysteine to produce methionine, meaning that when folate levels are high, homocysteine levels are low. 100 Elevated homocysteine levels have been found in oral cleft case mothers compared with controls in some studies 67, 99 while other studies have found no association. 65, 66, 68 The demonstrated importance of periconceptional folic acid supplementation in the prevention of neural tube defects means that all women of childbearing age are encouraged to consume folic acid supplements. [101] [102] [103] [104] It has been recently proposed that use of folic acid-containing multivitamins in early pregnancy may also be effective in preventing several other types of congenital anomalies as well as certain childhood cancers. 28, 105 Two recent metaanalyses on the use of folic acid-containing multivitamins and oral clefts have also produced similar results to the present meta-analysis. 10, 28 None of this evidence, however, can conclusively single out folic acid as the biologically active component of the multivitamin, as multivitamins contain dozens of vitamins and minerals that might truly be responsible for the inverse associations observed with childhood cancers and congenital anomalies aside from neural tube defects.
The present systematic reviews and meta-analyses suggest that although folic acid is not strongly associated with oral clefts, multivitamin use in early pregnancy may be beneficial for reducing the occurrence of oral clefts, particularly CL/P. However, there is little information on the effects of low participation rates and self-selection on the study results and whether accounting for these would lead to a different interpretation of results. Folate was studied here as a single agent for the prevention of oral clefts. Other complex interventions such as pregnancy planning or optimization of diet during pregnancy, both of which may include folic acid or multivitamins as interventions directly or indirectly, may be more beneficial than focusing attention on a single nutrient alone.
Supplementary data
Supplementary data are available at IJE Online.
KEY MESSAGES
There is no strong evidence for an association between oral clefts and maternal intake of dietary or supplemental folate alone.
There is evidence of a lack of association between maternal MTHFR C677T genotype, which has been associated with lowered red cell folate levels, and oral clefts.
Maternal multivitamin use in early pregnancy is inversely associated with oral clefts, although whether this is due to a healthy user effect or some specific component of the multivitamin is unknown.
